The use of microscopic computed tomography to assess the key functional parameters of systolic emptying or diastolic filling in small animals has not been previously reported. The aim of the study was to test whether microscopic computed tomography can assess the dynamics of both left ventricle and right ventricle (RV) diastolic filling and systolic emptying in an experimental model of pulmonary arterial hypertension
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Kojonazarov et al; mCT in Pulmonary Hypertension N oninvasive cardiac imaging has become an important tool in the evaluation of patients and animal models with heart disease. In patients, heart morphology and function are assessed using standard 2-dimensional and Doppler echocardiography, radioisotope imaging with single photon emission computed tomography and positron emission tomography, multidetector computed tomography, and magnetic resonance imaging (MRI). However, these imaging modalities have several known shortcomings in preclinical settings. 1, 2 Microscopic computed tomography (microCT) has become a powerful imaging modality for noninvasive and longitudinal investigation of animal models of human disease. [3] [4] [5] microCT can interrogate all heart chambers simultaneously and produce 3-dimensional images with high temporal and spatial resolution. A relatively short scan time means experiments can be conducted with little adverse impact of anesthesia on cardiac function and allows for high-throughput imaging. Numerous research groups have demonstrated the usefulness of microCT for quantification of cardiac morphology and global ventricular systolic indices, such as stroke volume, ejection fraction (EF), and cardiac output. [6] [7] [8] [9] To our knowledge, however, the use of microCT to assess other key functional parameters of systolic emptying or diastolic filling has not been previously reported. The assessment of diastolic function is of paramount importance because systolic function is commonly preserved in cardiovascular disease, particularly during its early manifestation, and improvement in diastolic function correlates with prolonged survival. [10] [11] [12] If both diastolic and systolic biventricular functional parameters could be assessed with a single and easy-to-use imaging modality, such as microCT, it would be of diagnostic, prognostic, and economic benefit in cardiopulmonary diseases.
To test whether microCT can assess the dynamics of both left ventricle (LV) and right ventricle (RV) diastolic filling and systolic emptying, we used the SU5416-hypoxia (SuHx) rat model of pulmonary arterial hypertension (PAH) [13] [14] [15] and healthy control rats. PAH is a rare but devastating disease in which the normally low pulmonary artery pressure is elevated because of vasoconstriction and remodeling of pulmonary vessels. Unlike the LV, the RV is sensitive to increases in afterload, and as the disease progresses, the additional workload causes RV hypertrophy, fibrosis, and failure.
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METHODS
The experiments were performed in accordance with the US National Institutes of Health Guidelines on the Use of Laboratory Animals. Both the University Animal Care Committee and the federal authorities for animal research of the Regierungspräsidium Giessen and Darmstadt (Hessen, Germany) approved the study protocol (approval number is GI 20/10 33/2013). The data, analytic methods, and study materials will be available from the corresponding author on reasonable request to other researchers for purposes of reproducing the results or replicating the procedure.
Animal Experiments
Rats (Wistar-Kyoto, male, 7-10 weeks old) purchased from Charles River Laboratories (Wilmington, MA) were used for experimental data. The rats were injected subcutaneously with the VEGF (vascular endothelial growth factor) receptor inhibitor SU5416 (Sigma, St Louis, MO; 20 mg per kg body weight) under isoflurane anesthesia and were then exposed to chronic hypoxia (10% oxygen) for 21 days (SuHx, n=4) followed by normoxia for additional 2 weeks. Rats injected with saline and exposed to normoxic gas for 35 days were used as a healthy control group (control, n=4). microCT, hemodynamics, and heart hypertrophy were assessed 35 days after SU5416 or saline injection as described below.
In Vivo microCT
Quantitative multiphase cine cardiac images were acquired using a Quantum GX microCT scanner (PerkinElmer, Inc, Waltham, MA) in conjunction with a blood-pool iodinated contrast agent, eXIA160XL (Binitio Biomedical, Inc, Ottawa, Ontario, Canada). Before imaging, a rat was restrained, and a 27-gauge and 40-cm long intravenous catheter prefilled with heparinized saline solution was introduced into a lateral tail vein. After introduction of the catheter, the rat was placed into an induction chamber and anesthetized by inhalation of 3% isoflurane in oxygen. Once an adequate
CLINICAL PERSPECTIVE
Noninvasive imaging of the right ventricle, particularly in rodents, is still challenging because of right ventricle complex anatomy and structure. The usefulness of microscopic computed tomography for quantification of cardiac morphology and global ventricular systolic indices, such as stroke volume, ejection fraction, and cardiac output, is well documented. However, the use of microscopic computed tomography to assess other key functional parameters of systolic emptying or diastolic filling has not been previously reported. For the first time, we demonstrate the ability of microscopic computed tomography to distinguish differences between the dynamics of diastolic and systolic function in an animal model of pulmonary arterial hypertension. The method described in the current study can be further extended towards characterization of diastolic and systolic changes in patients with cardiovascular diseases, strengthening our knowledge and allowing for noninvasive evaluation of novel therapeutic strategies. depth of anesthesia was achieved (verified by nonresponsive toe-pinching), the rat was placed on a scanner bed with a nose cone supplying isoflurane in oxygen adjusted to 1.0% to 1.5%. Two electrodes were placed on the right and left front paws of the rat to allow for continuous electrocardiographic monitoring. The scanner bed was translated longitudinally to align the animal chest within the center of the field of view. The scanner's complementary metaloxide-semiconductor X-ray flat-panel detector was set to allow image acquisition with a temporal resolution of 16 ms and an X-ray tube voltage of 90 kV and current of 80 µA. The contrast agent eXIA160XL (Binitio, Canada) was slowly infused at 5 µL/g of body weight at a rate of 0.3 mL/min using the infusion system Pump11Elite (Instech Laboratories, Plymouth Meeting). The choice of the contrast agent and the method of its delivery ensured that adequate opacification of the heart chambers was achieved without a rapid increase in pulmonary venous pressures (which could trigger rapidonset pulmonary edema, particularly in animals with pulmonary hypertension [PH] ). Care was taken to make sure all air bubbles were purged from the syringe and the infusion line to avoid embolization which could cause an increase in pulmonary vascular resistance. microCT data were collected in list-mode over a single complete gantry rotation with a temporal resolution of 16 ms and total rotation time of 4 minutes (14 688 frames collected in total). Once the data were collected, the rat was removed from the scanner and allowed to recover fully from the anesthesia under supervision. Raw projection images were processed using a proprietary algorithm for intrinsic retrospective cardio-respiratory gating and then reconstructed using a filtered back-projection algorithm on a dedicated graphics processing unit. Reconstructed volumes were loaded into Analyze 12 software (Analyze Direct, Mayo Clinic). Short-axial image reformation was performed before LV and RV endocardial contour delineation, and the individual LV and RV volumes were calculated for all reconstructions. Fourier fitting was applied to reduce the fluctuation of the first derivative (Matlab, The MathWorks, Natick). microCT images were processed by 2 observers blinded to the invasive morphometric results.
Systolic function
Stroke volume was calculated as end-diastolic volume (EDV) minus end-systolic volume. EF was measured as stroke volume/EDV×100. Peak ejection rate (PER) was defined as the minimum (negative) peak derivative of the dV/dt curve, before the occurrence of end-systolic phase. Time to PER (TPER) was defined as the length of time between the enddiastolic phase and the occurrence of the PER. TPER was normalized to the sinus cycle length (SCL) as follows: TPER normalized to SCL=TPER/√(SCL) as described. 17 In addition, fractional tricuspid annulus-apex distance change (fTAAD) and fractional septum to free wall distance at the mid of the RV (fSFD) were measured and calculated as described. 18, 19 Briefly, longitudinal fTAAD was calculated as tricuspid annulus plane systolic excursion divided by the tricuspid annulus-apex dimension at end-diastole. Tricuspid annulus plane systolic excursion was computed as the absolute distance change between end-diastole and end-systole of the tricuspid annulus-apex dimension. Transverse RV movements were analyzed using a method that quantifies regional changes from SF between end-diastole, and end-systole absolute SF distance change (SFD) was determined, and the fSFD was then computed as SFD divided by the SF dimension at end-diastole.
Diastolic Function
Diastolic initial mean filling rate during the first third of diastole (MFR⅓) was defined as the MFR during the initial onethird of diastolic time on the diastolic curve. Diastolic peak filling rate (PFR) was defined as the maximum (positive) peak derivative of the dV/dt curve, after the end-systolic phase. Time to PFR (TPFR) was defined as the length of time from the end-systolic phase to the PFR. TPFR was normalized to the SCL as follows: TPFR normalized to SCL=TPFR/√(SCL).
Hemodynamics
Hemodynamics in rats were measured as described.
14 Briefly, anesthesia was given to the rat as described above. The rat was placed in a supine position on a homeothermic plate (AD Instruments, Spechbach, Germany); the body temperature was measured via a rectal probe connected to a control unit (AD Instruments) and was kept at 37°C during catheterization. A high-fidelity 1.4F micromanometer/Mikro-Tip Pressure catheter (Millar Instruments, Houston, TX) was inserted via the right external jugular vein and advanced into the RV to assess RV systolic pressure and RV enddiastolic pressure. Data were collected and analyzed using the PowerLab data acquisition system (MPVS-Ultra Single Segment Foundation System, AD Instruments) and LabChart 7 for Windows software.
Statistical Analysis
Data are presented as median and interquartile range. Mean differences between groups were tested using a permutation test. P <0.05 are considered statistically significant. Rank correlations between invasive and microCT-derived parameters were tested using Spearman test. All statistical analyses except the permutation tests were performed using Prism 7.0 (GraphPad Software, La Jolla, CA). Permutation tests were done in R 3.5.0.
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RESULTS
microCT-Derived Global Heart Function in an Animal Model of PAH
Examination of 3-dimensional images from SuHx rats confirmed the presence of severe PAH, indicated by marked right-sided cardiac chamber enlargement and dilation of the pulmonary artery ( Figure 1A-1C) , as well as a flat interventricular septum with septal shift towards the LV and a compressed D-shaped LV ( Figure 1A and 1B) . The images of healthy controls showed no abnormalities. The individual LV and RV volumes were calculated for all reconstructions throughout the entire cardiac cycle and plotted as volume-time curves after Fourier fitting to minimize the fluctuation of the first derivative ( Figure 1D-1G) . The LV and RV end-diastolic and end-systolic volumes were extracted from the volume-time curves as the largest and smallest volumes during the cardiac cycle, respectively, and used to calculate LV and RV global functional parameters (Figure 1D-1G ). As expected, RV end-diastolic and end-systolic volumes were significantly higher in SuHx rats than in controls (Figure 2A and 2B). Additionally, RV stroke volume and EF in SuHx rats were significantly reduced compared with controls ( Figure 2C and 2D) , consistent with findings in patients with PAH. 21 In parallel, the LV end-diastolic, end-systolic, and stroke volumes were significantly lower in SuHx rats than in controls ( Figure 2E-2G) . Notably, LV EF in SuHx rats was unaffected, suggesting preserved LV systolic function ( Figure 2H ). Additionally, we performed analyses of fTAAD and fSFD, noninvasive indices of the RV systolic function. Our data demonstrate that both fTAAD and fSFD significantly dropped in SuHx rat in comparison with control animals (Table in the Data Supplement).
Functional parameters that describe the dynamics of LV and RV systolic emptying and diastolic filling were additionally calculated and included: PER, TPER, ejection time, MFR⅓, PFR, TPFR, and filling time ( Figure 1D-1G ). PER and PFR were normalized to EDV. Because of significant differences in heart rates between the 2 groups (310 [16] bpm in SuHx versus 370 [13] bpm in controls, P=0.03), the times to PFR and PER and total ejection and filling times were normalized to the cardiac cycle length.
Systolic Indices of Heart Function
First, we evaluated systolic function. Normalized PER was significantly decreased in the RV (P=0.03; Figure 3A) and increased in the LV (P=0.03; Figure 3B ) in SuHx rats compared with controls. Although normalized RV TPER was not significantly different between the groups (Figure 3C ), the total RV ejection time was significantly longer in SuHx rats compared with controls (P<0.03; Figure 3D ). Nevertheless, normalized LV TPER and total ejection time were significantly longer in SuHx rats than in controls ( Figure 3E and 3F) . Figure 4H ) were significantly increased in SuHx rats compared with controls.
Regression Analysis of Invasive and Noninvasive Diastolic and Systolic Indices
Finally, we compared microCT-derived diastolic parameters with invasive RV catheterization measurements, which remain the "gold standard" for measurement of RV pressure. Invasive hemodynamic indices confirmed our microCT findings that SuHx rats developed severe PAH with elevated RV systolic and end-diastolic pressure ( Figure 5A and 5B), without any changes in systemic arterial pressure (Table I in the Data Supplement). Spearman analysis between microCT RV diastolic indices and invasively derived RV end-diastolic pressure indicated excellent correlation ( Figure 5F-I) . We also performed correlation analyses between RV systolic indices (fTAAD, fSFD, and PER/EDV) and microCT-derived RV EF. Although our data demonstrate an excellent correlation between RV systolic indices and RV EF ( Figure 5J-5L) , the correlation between fSFD and EF was relatively stronger. Additionally, postmortem measurements of RV weight over LV plus septal weight were significantly increased in the SuHx group ( Figure 5C -5E, Table I in the Data Supplement).
DISCUSSION
RV function is the most important determinant of survival in patients with PAH. 22 It is increasingly recognized that, in addition to the pulmonary vasculature, the right heart is a viable therapeutic target for the treatment of PH. 23 Therefore, to have a better understanding of the pathophysiology of PAH during disease progression and in response to therapy, a quantitative noninvasive assessment of RV function is required. However, noninvasive imaging of the RV, particularly in rodents, is still challenging because of RV complex anatomy and structure. Nevertheless, in the current study, we evaluated heart function by microCT with a blood-pool iodinated contrast agent in an animal model of PAH which closely mimics human changes seen in patients with PAH. 15 For the first time, we performed quantitative analysis of the cardiac function in severe experimental PAH. This method allows rapid and accurate assessment of cardiac functional indices in animal models of cardiovascular diseases.
Technically, the scanner consisted of an animal bed surrounded by a continuously rotating gantry, both enclosed in shielding to prevent X-ray exposure of the operator. The gantry had a complementary metal-oxidesemiconductor flat-panel detector set to allow image acquisition with temporal resolution of 16 ms and a microfocus cone-beam X-ray source. Two-dimensional projection radiograms were collected in lightly anesthetized (1.5% isoflurane in oxygen) animals over a single complete gantry rotation (total rotation time: 4 minutes) and retrospectively gated using a proprietary algorithm. A series of cine 3-dimensional images were generated throughout the entire cardiac cycle using a cone-beam filtered back-projection algorithm on a dedicated graphics processing unit. All reconstructed images had an isotropic voxel spacing of 90 µm. Isotropic voxels allow for image reformation in any arbitrary imaging plane and eliminate partial volume effect as a potential source of error during volumetric measurements. Ventricular volume changes were assessed on a dedicated workstation using a threshold-based segmentation technique that depicts signal intensity difference between the contrastenhanced heart chambers and myocardium. Thus, the total chamber volume was represented by the sum of all contiguous voxels above a predefined threshold, generating a contour at the endocardial borders leaving the trabeculation and the papillary muscles as part of the myocardium. This method of ventricular volume assessment does not rely on geometric assumptions and thus is considered the most accurate.
The evaluation of global systolic functional parameters, such as LV and RV EF, has proven to be of major importance in the diagnosis and management of patients with heart disease. Assessment of the longitudinal and transverse shortening of the RV by cardiac MRI in PAH patients was recently shown. 18, 19 The authors demonstrated that regional transverse wall movements provide important information of RV function in PH. Compared with longitudinal motion, transverse motion at mid RV reveals a significantly stronger relationship with RVEF and thereby might be a better predictor for RV function. In our study, we have found that both fTAAD and fSFD well correlated with RV EF, and in line with these reports, we also found stronger correlation with transverse motion. However, deterioration of these parameters might occur at relatively late stages of cardiac dysfunction, or may not even be manifested, because heart failure with preserved EF can be seen in a spectrum of cardiac disorders. For example, and as demonstrated in the present work, the finding of preserved LV EF in SuHx rats could be partially attributed to LV under-filling (45% of LV EDV in controls) because of its compres- sion by the dilated RV and the concomitant decrease in stroke volume. Conversely, an increase in RV EDV in SuHx rats because of elevated pulmonary pressure may initially increase stroke volume, through the Frank-Starling mechanism, which enables the heart to respond to elevated preload via enhanced myocardial contraction. However, subsequent increases in RV EDV can be detrimental because of ventricular interdependence, rather than failure of the Frank-Starling mechanism. Because abnormal diastolic function may be partially responsible for an impaired systolic response to isotonic or isometric exercise in the presence of normal systolic performance at rest, functional parameters describing the dynamics of LV and RV filling may provide additional valuable diagnostic and prognostic insights. In agreement with previously published results in humans, 24 we observed RV diastolic dysfunction, particularly in the early diastolic phase, in SuHx rats.
Noninvasive evaluation of the left ventricular systolic emptying and diastolic filling by cardiac MRI and radionuclide ventriculography in patients with coronary heart disease 25, 26 and dilated cardiomyopathy 27 were report- ed. Only few studies addressed the dynamics of systolic and diastolic function in the RV of patients with PAH measured by cardiac MRI. 28, 29 The results all of these studies highlighted that patients with impaired left or right ventricular function have an abnormal volumetime relationship and diminished systolic and diastolic indices. Although authors suggested that quantitative analysis of the RV volumes over the time curves may provide clinically important information on prognosis of patients with PH, there is still no substantial studies demonstrating prognostic relevance of the noninvasivederived systolic (PER, PER/EDV, TPER) and diastolic indices (PFR, PFR/EDV, TPFR) in patients with PH. Therefore, follow-up studies demonstrating prognostic value of these parameters in animal models of PH and patients with PH and RV failure are needed.
It was proposed that RV failure can only be understood in relation to its load, called coupling. 30 There is now considerable evidence that emphasizes a significant role for RV contractility and decoupling of the ventricular-arterial system in PH. [30] [31] [32] [33] [34] [35] Cardiac CT can provide accurate ventricular volume/function assessments comparable to cardiac MRI, 36 which is considered as the "gold standard" to assess ventricular pump function. However, both cardiac MRI and CT are limited in their ability to determine cardiovascular pressures required . K, Correlation analysis between RV fractional tricuspid annulus apex distance change (fTAAD) and RV EF. L, Correlation analysis between RV fractional septum to free wall distance at the mid of the RV (fSFD) and RV EF. n=4 rats per group. Data are presented as median and interquartile range. P from 2-sided permutation test (H0: mean difference=0). Invasive and microscopic computed tomography-derived parameters were compared using Spearman analysis. SuHx (red bar) and healthy control (blue bar) rats for assessment of load-independent parameters of ventricular function. Indeed, noninvasively derived systolic indices described in the current article, as well as in other clinical studies, 28, 29 only indirectly relate to contractility and significantly dependent on pre and afterload. Therefore, to construct pressure-volume loops and subsequently calculate ventricular-arterial coupling, simultaneous use of invasive hemodynamic assessments with complementary noninvasive imaging techniques are required. Future studies using several follow-up time points may further define the course of disease progression and provide prognostic relevance of the proposed cardiac parameters.
Limitations of the Study
Some limitations of this study need to be considered. The number of animals was relatively small. However, statistically significant differences in parameters of cardiac function between SuHx and normoxic control animals were evident despite small number.
